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Giant negative magnetoresistance and kinetic arrest of first-order
ferrimagnetic-antiferomagnetic transition in Ge doped Mn2Sb
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Pallavi Kushwaha
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Effect of Ge substitution on first order ferrimagnetic (FRI) - antiferromagnetic (AFM) transition
in Mn2Sb has been studied. It shows that transition temperature (Tt) can be tuned between 119 K
- 271 K by substituting 2.5-10% Ge at Sb site in Mn2Sb. The variation of density of state at Fermi
level N(Ef ) with Ge substitution shows that dN(E)/dE is positive at Ef in the AFM state. With
the application of magnetic field Tt shifts to low temperature, which results in a giant negative
magnetoresistance (MR) reaching a value of 70% for 2.5% substitution. Our results show that FRI
to AFM transformation during cooling stops around 35 K, even though it remains incomplete. It
along with non-monotonic variation of lower critical field, open loop in isothermal MR and increasing
difference in zero field cooled warming (ZFCW) and field cooled warming (FCW) resistivity with
increasing magnetic field shows that FRI to AFM transition is kinetically arrested in the case of
2.5% Ge substitution.
PACS numbers: 75.30.Kz, 72.15.Gd, 64.60.My
I. INTRODUCTION
Mn2Sb is one of the oldest known ferrimagnet (FRI)
which becomes paramagnetic above 550 K (TC).
1–3 With
the substitution of transition element (e.g. Cr, V, Co,
Cu, Zn) at Mn site, TC decreases, and at low tempera-
tures a first order ferrimagnetic (FRI) to antiferromag-
netic (AFM) transition is observed.4–11 The FRI-AFM
transition is also observed for As, Sn, Ge substitution for
Sb,12,13 which suggest that rather than magnetic ion di-
lution, the origin of this transition could be structural or
electronic or both. In fact, both resistivity and lattice pa-
rameters are reported to show large variation across FRI-
AFM transition. Due to strong coupling between spin,
charge and lattice, these systems show many functional
properties like giant magnetoresistance (MR), magne-
tostriction, magnetocaloric effect (MCE) etc.9,12–18
A survey of the phase diagrams of Mn2Sb with dopant
concentration shows that FRI-AFM transition temper-
ature (Tt) is either absent or higher than 100 K.
4,6,17
Even though, there appears to be some discrepancies in
Tt vs. dopant concentration for most of the dopant, the
results from independent groups are more or less con-
sistent for Cr substitution at Mn site and Ge substitu-
tion at Sb site.4–16,19–27 Both, leads to decrease in one
conduction electron per atom substitution as well as de-
crease in unit cell volume and Tt increases from around
75 K to room temperature. However, most of above cited
work are related to Cr substitution. Magnetic measure-
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ments on Mn1.977Cr0.023Sb (with the lowest Tt) by Dar-
nell et al.28 shows that magnetization remains signifi-
cantly higher well below Tt. This could be an indication
of co-existing AFM and FRI phases below Tt. Phase co-
existence at low temperature has also been reported in
Co doped Mn2Sb under pressure or magnetic field.
10,17,29
In an attempt to shift the Tt of Mn1.85Co0.15Sb to near
zero K with magnetic field, Kushwaha et al.10 showed
that this phase co-existence is a result of the kinetic ar-
rest of first order FRI-AFM transition. Subsequently,
similar results has also been reported for some other
dopant29–31 e.g. Mitsui et al.31 showed that relaxation
time for FRI to AFM transition in Cr doped Mn2Sb in-
creases by several orders at low temperature. However,
in the case of Ge substituted Mn2Sb, Shimada et al.
25
reported the absence of kinetic arrest. This observation
is made for compositions with more than 5% Ge substi-
tution for which, Tt is reported to be higher than 100
K. It is significantly larger than the temperatures where,
kinetic arrest of transition is reported to dominate in Co
doped Mn2Sb. Therefore, to verify the presence of ki-
netic arrest in Ge doped Mn2Sb system, investigations
on composition with lower Tt are required.
Most of the existing reports on Ge substitution are lim-
ited to few compositions with x ≥ 0.05. The composition
around x = 0.1 has been studied due to its near room
temperature Tt and associated MR and magnetocaloric
effect.12,13 On the other hand we could not find any re-
port on compositions with x < 0.05. Here we present
our systematic investigation of FRI-AFM transition in
Ge substituted Mn2Sb. Transition temperature (Tt) is
tuned between 119 K to 271 K by substituting 2.5-10%
Ge at Sb site. For 2.5% substitution a detailed resistivity
(ρ)/MR study down to 5 K and up to 16 Tesla magnetic
field is carried out to verify the presence of kinetic arrest.
2II. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS
Samples of Mn2Sb1−xGex with x = 0.025, 0.05, 0.075
and 0.10 are prepared by arc melting the stoichiomet-
ric amount of constituent elements of purity better than
99.98 % under high purity argon gas atmosphere. To de-
termine phase purity and structural parameters, powder
X-ray diffraction (XRD) measurements at room temper-
ature are performed using Cu Kα radiation. Figure 1
shows the measured XRD patterns. The peak positions
shift to higher angle with increase in x, as highlighted
in the inset. These patterns are fitted with Cu2Sb-type
tetragonal crystal structure with space group P4/nmm
using the FullProf Reitvel refinement program.32 A rep-
resentative fit is shown as a line curve in figure 1 for
x = 0.1. The small un-indexed peak around 2θ = 300
indicates small amount of MnSb impurity phase.2 The
unit cell parameters ‘a’, ‘c’ and volume ‘V’ obtained
from this analysis are tabulated in Table-1 and these
decreases monotonically with increases in x. The re-
sistivity (ρ) in the temperature range 2-300 K is mea-
sured with a home-made setup along with 8-Tesla and 16-
Tesla superconducting magnet systems from M/s. Ox-
ford Instruments, U.K. Resistivity measurements in the
presence of magnetic field are carried out in longitu-
dinal geometry and magnetoresistance (MR) is defined
as 100*{ρ(H,T )− ρ(0, T )} /ρ(0, T ). Heat capacity (CP )
measurements in the temperature range 5-300 K are per-
formed using a home-made setup based on semi-adiabatic
heat pulse method.33,34 Magnetization is measured us-
ing 14-Tesla vibrating sample magnetometer from M/s.
Quantum Design, USA at TIFR, Mumbai.
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FIG. 1: (color online) Powder X-ray diffraction pattern of
Mn2Sb1−xGex for x = 0.025, 0.05, 0.075 and 0.10. Rietveld
refined curve and its difference from the measured curve is
shown as black and green line curves, respectively for x =
0.1. The inset highlights the shift in [003], [112] and [200]
peak position to higher angle with x.
III. RESULTS AND DISCUSSION
The temperature dependence of magnetization in the
presence of 0.1 Tesla magnetic field is shown in figure 2
for x = 0.025, 0.05 and 0.10. These measurements are
carried out during cooling (FCC) and subsequent warm-
ing (FCW). A sharp decrease in magnetization on cooling
correspond to the FRI to AFM transformation. Hystere-
sis around the transition region, which is distinctly visible
for x= 0.025, indicates first order nature of the transi-
tion. Transition temperature (Tt) is taken as average of
temperatures T* and T**, at which temperature deriva-
tive of magnetization shows a maxima during cooling and
warming, respectively. As summarized in Table 1, Tt in-
creases from 119 K to 271 K with increase in x from 0.025
to 0.1 and these are found to be consistent with existing
data for x≥0.05.25,26 A hump like feature around 220 K
for x=0.025 can be attributed to spin-reorientation tran-
sition, at which direction of magnetic moment in the FRI
state changes from c-axis (at room temperature) to ab-
plane (at low temperatures).
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FIG. 2: (color online) Temperature dependence of magneti-
zation (M) measured in the presence of 0.1 Tesla magnetic
field during cooling (FCC) and subsequent warming (FCW)
for Mn2Sb1−xGex. Y-scale on the left hand side corresponds
to x=0.025 and 0.05, and on the right hand side corresponds
to x = 0.10.
The temperature dependence of specific heat (CP )
measured during warming is shown in figure 3 for x =
0.05, 0.075 and 0.1. The peak around T** corresponds to
AFM-FRI transition. The line curves in the figure 3 are
simulated non-magnetic contribution, which is taken as
a combination of Debye term (lattice) and a linear term
(electronic and anharmonic contributions). The Debye
temperatures for all the three compositions are found to
be in the range 290 K to 300 K and these are tabulated
as θD HT in the Table 1. The entropy change associated
with the transition (Smag) obtained from the difference
of measured and simulated curves is shown in the insets
of figure 3. The discontinuous jump around Tt is found
to be around 1 J/mol-K which corresponds to latent heat
of 240 J/mol. Total magnetic entropy change across the
3TABLE I: Variation of unit cell parameter ‘a’, ‘c’ and volume ‘V’ , first order transition temperature (Tt), Debye temperature
obtained from low temperature (θD LT )/high temperature (θD HT ) heat capacity data, coefficient of electronic contribution to
specific heat (γ), density of state at the Fermi level N(Ef ) and entropy of AFM-FRI transition (∆Smag) for Mn2Sb1−xGex
.
Mn2Sb1−xGex a c V Tt θD HT /θD LT γ N(Ef ) ∆Smag
x (A˚) (A˚) (A˚3) (K) (K) (mJ/mol-K2) 1024 (eV.mol)−1 (J/mol-K)
0.025 4.068 6.539 108.2 118.9 — — — —
0.050 4.061 6.534 107.7 191.0 295/252 22 56 1.5
0.075 4.057 6.516 107.3 245.0 296/252 18 46 1.9
0.100 4.051 6.513 106.9 271.4 298/256 15 38 2.4
transition increases almost linearly from 1.5 J/mol-K to
2.4 J/mol-K with increase in x from 0.05 to 0.1. Galkin et
al.5 estimated the entropy of the transition for x = 0.12-
0.20 using magnetization change at the transition and
rate of change of critical field. In their study, the com-
positions with x=0.12 and 0.16 show multiple transitions
and entropy associated with low temperature transition
is found vary from 1.3 to 0.7 J/mol-K. The reported value
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FIG. 3: (color online) The temperature dependence of mea-
sured heat capacity CP (black circle) and simulated nonmag-
netic contribution (red line) for Mn2Sb1−xGex [a] x = 0.05,
[b] x =0.075 and [c] x= 0.10. The insets show temperature
variation of magnetic entropy (Smag) around the transition
region. See text for details.
for x=0.12 is close to our measured discontinuous change
in Smag for x=0.10, which has nearly similar Tt. Similar
values (1.3 J/mole K) has been reported by Engelhardt
et al.24 for Cr doped Mn2Sb.
The low temperature behavior of CP in the form of
CP /T vs T
2 is presented in figure 4. It shows a linear
behavior (γ + βT) with similar slope for all the three
compositions. The Debye temperature obtained from
the slope (β) of these curves is found to be around 250
K, which is tabulated as θD LT in Table 1. It is about
13% less than that obtained from heat capacity data at
higher temperatures. Such differences can arise due to
non-linearity in phonon-dispersion curve. The intercept
on Y-axis of extrapolated linear curves i.e. γ (the coef-
ficient of electronic contribution to CP ) decreases with
increase in x. The γ value for x= 0.10 composition is
in good agreement 14 mJ/mol-K2 for x=0.12 by Zhang
and Zhang12. Our study of γ variation with Ge substitu-
tion shows that integrated density of state at the Fermi
level N(Ef ) decreases with Ge substitution in the AFM
state. Using the relation γ = pi2k2BN(Ef )/3 we find that
N(Ef ) varies from 5.6x10
24 to 3.8x1024 (eV.mol)−1. In
the rigid band model it indicates that dN(Ef )/dE is pos-
itive, as Ge has one electron less than Sb in its outermost
p-orbital.
Figure 5 shows the resistivity measured in the absence
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FIG. 4: (color online) Low temperature behavior of mea-
sured heat capacity (CP ) in the form of CP /T versus T
2 for
Mn2Sb1−xGex (open symbol). Red dashed lines are extrapo-
lated linear fit for the corresponding curves.
4and in the presence of 8 Tesla magnetic field during field
cooling (FCC) and field cooled warming (FCW) for x =
0.025, 0.05 and 0.10. The FRI to AFM transition dur-
ing cooling results in resistivity increase. The resistivity
behaviour in the AFM state shows a tendency to sat-
uration at high temperature e.g. see figure 5(c) for x
= 0.10 with Tt around 270 K. The temperature depen-
dence of resistivity has striking similarity with the Cr
doped Mn2Sb.
16,35 The tendency to saturation at high
temperature has been commonly observed in Lave phase
compound when resistivity approaches a limiting value.
It along with rapid rise in resistivity at low temperature
in the AFM state suggest that Fermi level may be lying
below the peak in N(E) vs. E curve which also appears
to be consistent with γ variation with x. In the FRI state
the tendency to saturation appears to be quite weak as
in this case Fermi level is expected to be within peak re-
gion. With the application of magnetic field Tt shifts to
lower temperature. For x = 0.05 and 0.10, it results in
0
300
600
900
1200
0
200
400
600
800
50 100 150 200 250 300
300
400
500
600
x= 0.025
0 T
8 T
[a]
[b]
 (
-c
m
)
x= 0.05
8 T
0 T
[c]
 T (K)
Mn2Sb1-xGex
x= 0.10
8 T
0 T
-60
-40
-20
50 100 150
 
8 T
T(K)
M
R
(%
)
-36
-24
-12
120 180 240
 
8 T
T(K)
M
R
(%
)
-15
-10
-5
200 240 280
 
T (K)
M
R
(%
)
8 T
FIG. 5: (color online)Temperature dependence of resistivity
(ρ) in 0 and 8 Tesla magnetic field measured during cooling
and subsequent warming for Mn2Sb1−xGex [a]x = 0.025, [b]
x =0.05 and [c] x= 0.10. Inset highlights magnetoresistance
(MR) for 8 Tesla magnetic field calculated from the respective
curves measured during warming.
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FIG. 6: (color online)Temperature dependence of resistivity
(ρ) of Mn2Sb0.975Ge0.025 in the presence of labeled magnetic
field. The magnetic field is applied isothermally at 5 K after
zero field cooling and ρ is measured during warming (ZFCW),
cooling (FCC) and subsequent warming (FCW). All ρ curves,
except for 0 T, are translated downward for the sake of clarity.
large negative magnetoresistance with a maximum mag-
nitude around Tt. In the case of x = 0.025, MR reaches
a value of 70% below Tt, which remains nearly constant
down to the lowest temperature of measurement. Resis-
tivity measured in the presence of 8 Tesla magnetic field
for this sample shows much smaller change in resistivity
around FRI-AFM transition, which suggest presence of
untransformed FRI phase fraction at low temperatures.
This feature is explored further under various constant
magnetic field as shown in figure 6. Here, resistivity
is measured during zero field cooled warming (ZFCW),
FCC and FCW under labeled constant magnetic field.
All the resistivity curves, except for 0 T, are shifted ver-
tically downward for the sake of clarity. The decrease in
Tt with the application of magnetic field is evident from
these figures. For magnetic field value ≥ 4 Tesla, differ-
ence between ZFCW and FCC curve at low temperature
can be seen, which increases for higher magnetic field.
The lower value of resistivity for FCW in comparison to
ZFCW indicate the presence of higher FRI phase fraction
at 5 K for same field value. Another noticeable feature
is the absence of FRI to AFM transformation below 30
K (hysteresis is closed below 30 K) irrespective of trans-
formed FRI phase fraction. Similar resistivity behav-
ior has been reported for Co doped Mn2Sb,
10 Pd doped
FeRh,36,37 Al or Ru doped CeFe2,
38,39 Se doped CoS2.
40
In these system it has been attributed to kinetic arrest
of the first order transition i.e. at low temperatures due
to slow dynamics of the transition, the transformation
from high temperature state to low temperature state is
hindered on experimental time scale.38,41–43 It is known
to result in open loop in isothermal MR38,42 and non-
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FIG. 7: (color online) [a]-[f ]Isothermal magnetoresistance (MR) measured up to 16 Tesla magnetic field. For these measure-
ments sample is cooled in zero magnetic field to the measurement temperature and then MR is measured with varying magnetic
field 0 to 16 Tesla (curve-i), 16 to 0 Tesla (curve-ii) and 0 to 16 Tesla (curve-iii). [g] H-T phase diagram obtained from the
isothermal MR measurement along with schematic of Kinetic arrest band and supercooling band.
monotonic variation of critical field with temperature.44
To verify it, isothermal MR measurements up to 16
Tesla magnetic field are shown in fig 7 (a)-(f) for x =
0.025. For these measurements, sample is cooled in zero
field from 300 K to the measurement temperature. It
shows giant negative magnetoresistance of about 70%
due to field induced AFM to FRI transition. Another
obvious feature at low temperature is that the MR (or
resistance) at zero magnetic field before and after field
cycling up to 16 Tesla does not have same value at low
temperatures(<30 K). Here, the virgin curve (curve-i)
lies outside the envelope curve (curve-ii and iii), which
indicates that field induced FRI phase do not transform
back completely to its initial AFM state. The difference
between virgin and envelope increases at lower tempera-
tures.
The variation of critical field required for AFM-FRI
transition with temperature is shown in the form of H-T
phase diagram in figure 7(g). It shows that above 50 K,
both lower (H* i.e. field required for FRI-AFM transi-
tion) and upper (H** i.e. field required for AFM-FRI
transition) critical field increases with decrease in tem-
perature, which is expected for a first order transition
from low-temperature low-magnetization state to high-
temperature high-magnetization state. However, below
40 K lower critical field (H*) starts decreasing with de-
crease in temperature. This phase diagram is qualita-
tively similar to that reported for Co doped Mn2Sb
10
where, non-monotonic behavior of H* with temperature
has been attributed to interplay between kinetics and
thermodynamics of the transition.44 The positive slope
for lower critical field is dictated by the kinetics of the
transition and it is represented as kinetic arrest band
(HK , TK).
36–38,40,41,44 The left side of (HK , TK) band
is the region where, kinetics of the transition dominates
and FRI phase in this region will not be able to trans-
form back to AFM state due to slow dynamics. There-
fore a field induced FRI phase in this temperature region
will not transform back to AFM state with decrease in
magnetic field resulting in open loop in MR. Similarly
during cooling if the (HK , TK) band is crossed before
crossing the (H*, T*) then that region will remain in
FRI state, which gives rise to difference in ZFCW and
FCW. A survey of reported transition temperature vari-
ation with various dopant concentration in Mn2Sb show
that AFM-FRI tranformation takes place only above 50
K.4,6,17,25,28 In the light of magnetic field tuning of Tt,
it can be inferred that absence of first order transition
in doped Mn2Sb below 50 K could be related to kinetic
arrest.
IV. CONCLUSIONS
Our study of first order AFM-FRI transition in
Mn2Sb1−xGex for x = 0.025 - 0.1 shows increase in Tt
with x and it varies almost linearly with unit cell volume.
The decrease in electronic contribution to heat capacity
owith x suggest that Fermi level is lying below the peak
but not at minima in the AFM state. As a result re-
sistivity shows a rapid rise at low temperature followed
by a saturation tendency at higher temperatures in the
AFM state. Application of magnetic field in the AFM
state induces FRI state, which results in giant negative
magnetoresistance, reaching a value of more than 70% for
x =0.025. Isothermal MR studies under high magnetic
field in x=0.025 shows an open loop and non-monotonic
variation of critical field required for FRI to AFM tran-
sition. These features confirm the presence of kinetic
arrest below 30 K in Ge doped Mn2Sb system, which
6also explains the absence of transition below 50 K with
composition variation.
V. ACKNOWLEDGEMENT
Mukul Gupta and Layanta Behera are acknowledged
for XRD measurements. PK acknowledges DST-SERB,
India for support through Ramanujan Fellowship.
1 B. D. Cullity and C. D. Graham, Introduction to Magnetic
Materials 2nd ed., Wiley-IEEE Press, 2008
2 M. Wilkinson, N. Gingrich, and C. Shull, J. Phys.Chem.
Solids 2, 289 (1957).
3 A. E. Austin, E. Adelson, and W. H. Cloud, Phys. Rev.
131, 1511 (1963).
4 T. A. Bither, P. H. L.Walter, W. H. Cloud, T. J. Swoboda,
and P. E. Bierstedt, J. Appl. Phy. 33, 1346 (1962).
5 A. A. Galkin, E. A. Zavadskii, and E. M. Morozov, Physica
Status Solidi (b) 37, 851 (1970).
6 T. Kanomata and H. Ido, J. Appl. Phys. 55, 2039 (1984).
7 V. M. Ryzhkovskii, N. D. Zhigadlo, and I. L. Pashkovskii,
Crystal Research and Technology 25, 165 (1990).
8 V. M. Ryzhkovskii, V. P. Dymont, and Z. L. Erofeenko,
Physica Status Solidi (a) 130, 163 (1992).
9 Y. Q. Zhang and Z. D. Zhang, J. Alloys and Compounds
365, 35 (2004).
10 P. Kushwaha, R. Rawat, and P. Chaddah, J. Phys.: Con-
dens Matter 20, 022204 (2008).
11 P. Kushwaha, A. Lakhani, R. Rawat, A. Banerjee, and P.
Chaddah, Phys. Rev. B 79, 132402 (2009).
12 Y. Q. Zhang and Z. D. Zhang, J. Phys. D: Applied Phys.
37, 819 (2004).
13 V. Singh, R. Kumar, P. Bag, R. Rawat, and P. Kushwaha,
Mater. Res. Exp. 1, 046101 (2014).
14 J. H. Wijngaard, C. Haas, and R. A. de Groot, Phys. Rev.
B 45, 5395 (1992).
15 Y. Q. Zhang and Z. D. Zhang, Phys. Rev. B 67, 132405
(2003).
16 L. Caron, X. F. Miao, J. C. P. Klaasse, S. Gama, and E.
Brck, Appl. Phys. Lett. 103, 112404 (2013).
17 M. Bartashevich, T. Goto, T. Tomita, N. Baranov, S.
Zemlyanski, G. Hilscher, and H. Michor, Physica B 318,
198 (2002).
18 Q. Zhang, Y. Q. Zhang, Y. B. Li, J. Du, W. J. Feng, D.
Li, and Z. D. Zhang, J. Phys. D: Applied Phys. 41, 095007
(2008).
19 Y. Q. Zhang, Z. D. Zhang, and J. Aarts, Phys. Rev. B 70,
132407 (2004).
20 Y. Q. Zhang, Z. D. Zhang, and J. Aarts, Phys. Rev. B 71,
229902(E) (2005).
21 H. S. Jarrett, P. E. Bierstedt, F. J. Darnell, and M. Sparks,
J. Appl. Phys. 32, S57 (1961).
22 T. J. Swoboda, W. H. Cloud, T. A. Bither, M. S. Sadler,
and H. S. Jarrett, Phys. Rev. Lett. 4, 509 (1960).
23 W. H. Cloud, H. S. Jarrett, A. E. Austin, and E. Adelson,
Phys. Rev. 120, 1969 (1960).
24 J. Engelhardt, E. Gmelin, M. Asen-Palmer, C. Kleeberg,
A. Kattwinkel, and K. Brner, J. Alloys and Compounds
282, 32 (1999).
25 D. Shimada, H. Orihashi, D. Mitsunaga, M. Ito, M. Hiroi,
K. Koyama, R. Onodera, K. Takahashi, K. Matsubayashi,
and Y. Uwatoko, J. Korean Phys. Society 63, 747 (2013).
26 K. Koyama, D. Shimada, H. Orihashi, D. Mittsunaga,
M. Hiroi, K. Matsubayashi, Y. Uwakoto, R. Onodera, S.
Kimura, and K. Takahashi, Rep. Fac. Sci., Kagoshima
Univ. 46, 37 (2013).
27 T. Wakamori, Y. Mitsui, K. Takahashi, R. Y. Umetsu, M.
Hiroi, and K. Koyama, AIP Conference Proceedings 1763,
020006 (2016).
28 F. J. Darnell, W. H. Cloud, and H. S. Jarrett, Phys. Rev.
130, 647 (1963).
29 H. Orihashi, M. Hiroi, Y. Mitsui, K. Takahashi, K. Watan-
abe, K. Matsubayashi, Y. Uwatoko, and K. Koyama, Ma-
terials Trans. 54, 969 (2013).
30 A. Tekgul, M. Acet, M. Farle, and N. Unal, J. Alloys and
Compounds 695, 418 (2017).
31 Y. Mitsui, Y. Matsumoto, Y. Uwatoko, M. Hiroi, and K.
Koyama, J. Mag. Mag. Mater. 461, 62 (2018).
32 J. Rodrguez-Carvajal, Physica B 192, 55 (1993).
33 R. Rawat and I. Das, Phys. Rev. B 64, 052407 (2001).
34 P. Bag, V. Singh, and R. Rawat, Rev. Sci. Instrum. 86,
056102 (2015).
35 P. E. Bierstedt, Phys. Rev. 132, 669 (1963).
36 P. Kushwaha, A. Lakhani, R. Rawat, and P. Chaddah,
Phys. Rev. B 80, 174413 (2009).
37 P. Saha and R. Rawat, Appl. Phys. Lett. 112, 192409
(2018).
38 M. A. Manekar, S. Chaudhary, M. K. Chattopadhyay, K.
J. Singh, S. B. Roy, and P. Chaddah, Phys. Rev. B 64,
104416 (2001).
39 K. J. S. Sokhey, M. K. Chattopadhyay, A. K. Nigam, S.
B. Roy, and P. Chaddah, Solid State Commun. 129, 19
(2004).
40 S. K. Mishra and R. Rawat, Solid State Commun. 244, 33
(2016).
41 K. Kumar, A. K. Pramanik, A. Banerjee, P. Chaddah,S.
B. Roy, S. Park, C. L. Zhang, and S. W. Cheong, Phys.
Rev. B 73, 184435 (2006).
42 S. B. Roy, P. Chaddah, V. K. Pecharsky, and J. K. A.
Gschneidner, Acta Mater. 56, 5895 (2008).
43 S. B. Roy, J. Phys.: Condens. Matter 25, 183201 (2013).
44 R. Rawat, K. Mukherjee, K. Kumar, A. Banerjee, and P.
Chaddah, J. Phys.: Condens. Matter 19, 256211 (2007).
